The ability of a microbial consortium eluted from dioxin-contaminated Passaic River sediments to dechlorinate polychlorinated dibenzo-p-dioxins (PCDDs) was investigated under methanogenic conditions. Aged 2,3,7,8-tetraCDD, which had partitioned into the microbial consortium from sediments, was stoichiometrically converted to tri-and monoCDD congeners. During dechlorination, dominant microbial activity within the consortium shifted from methanogenic to nonmethanogenic activity. Freshly spiked octaCDD was converted to hepta-, hexa-, penta-, tetra-, tri-, di-, and monochlorinated isomers, but the reaction stoichiometry was not determined. No methanogenic activity was observed, and the maximum yield of protein coincided with the production of less-chlorinated DD congeners. Two distinct pathways of dechlorination were observed: the peri-dechlorination pathway of 2,3,7,8-substituted hepta-to pentaCDDs, resulting in the production of 2,3,7,8-tetraCDD, and the peri-lateral dechlorination pathway of non-2,3,7,8-substituted congeners. Direct evidence of further lateral dechlorination of 2,3,7,8-tetraCDD was obtained from the historically contaminated incubations; no isomer-specific identification of triCDDs in spiked incubations was determined. Pasteurized cells exhibited no peri-dechlorination pathway, and triCDDs were the least-chlorinated congeners produced in these treatments. These results demonstrate that (i) both freshly spiked and aged PCDDs are available to microbial reductive dechlorination, (ii) the peri and triCDD dechlorinations are attributed to activities of nonmethanogenic, non-spore-forming microbial subpopulations, and (iii) the 2,3,7,8-residue patterns in historically contaminated sediments are likely affected by microbial activity.
Polychlorinated dibenzo-p-dioxins (PCDDs), in particular the 2,3,7,8-substituted (lateral) isomers, are among the most hazardous environmental pollutants because of their molecular planarity and ability to bind to biological receptors (21, 33) . Because of their high toxicity and suspected genotoxic potential, their determination and fate in the environment are of great interest. The lack of a clear source identification, based on characteristic congener profiles for the processes which generate them, has been speculated to be due to natural attenuation (weathering) of the PCDDs by biological or abiotic processes. Indeed, it was shown previously that spiked PCDD could be dechlorinated when incubated with soils and sediments under reducing conditions (2, 3, 7) . The contribution of abiotic reactions to reductive dechlorination of PCDDs by organic and inorganic electron transfer molecules in reduced environments has been recently demonstrated (1) .
The contribution of anaerobic microorganisms as the agents effecting PCDD dechlorination in sediments has received limited attention (2, 3, 11) . Evidence for initial reductive dechlorination of PCDDs by sediment-derived microorganisms has been reported for 1,2,3,4-tetraCDD (11) and 1,2,3,4,6,7,8-heptaCDD (3) . The profiles of PCDD residues in sediments indicate a predominance of the highly chlorinated congeners (hepta-and octaCDDs) (40, 41) , with 2,3,7,8-substituted isomers being the dominant congeners (14) , thus rendering 1,2,3,4-tetraCDD an inadequate model to investigate natural attenuation processes of PCDDs in sediments.
The predominant impediment to microbial catalysis during transformation of hydrophobic contaminants in general, and PCDDs in particular, is the issue of bioavailability (4, 29) . Adriaens et al. (2) recently investigated the effect of long-term (2 to 3 year) incubations on the availability and transformation of freshly spiked hepta-to pentaCDDs and dibenzofurans in sediments and calculated the half-lives of these compounds to be on the order of years. Alternatively, bioconcentration of historically present hydrophobic pollutants in microbiota may play a role in enhancing their natural microbial attenuation (9, 42) , according to the following rationale. Whereas bioconcentration of PCDDs and related compounds in animal and plant tissues has been extensively described (24, 25, 34, 36) , the high affinity of structurally similar polychlorinated biphenyls (PCBs) for microbial membrane lipids (phosphatidyl cholines) was only recently demonstrated (18) . Moreover, on the basis of in vivo experiments with Shewanella putrefaciens, membrane-associated electron transfer components, such as the menaquinone redox system, were recently found to catalyze dechlorination reactions (31, 32) . Thus, interactions between the electron flux in bacterial membrane systems and polymer (42)-or lipid (18)-solubilized PCB or PCDD molecules may increase the susceptibility of aged hydrophobic contaminants to microbial reductive dechlorination.
Information on the involvement of specific physiological groups of microorganisms during reductive dechlorination processes in general, and of PCDDs in particular, in anaerobic sediments is scarce. Previous experiments with sediments (2, 3) and sediment-derived microorganisms (11) were performed under methanogenic conditions analogous to those of experiments in which the anaerobic dechlorination of PCBs was examined (30, 39, 44) . Whereas methanogens have been dem-onstrated to dechlorinate PCBs (44), methanogenic activity is not always required (13, 43) as PCBs have been shown to be dechlorinated by nonmethanogenic anaerobic sporeformers (43) . The activities could be differentiated on the basis of differences in dechlorination patterns (43, 44) . This communication (i) addresses the extent of dechlorination of aged and freshly spiked dioxins by a sediment-derived community and (ii) attempts to relate specific microbial activities to dechlorination patterns observed.
MATERIALS AND METHODS

Media and inoculum.
Historically dioxin-contaminated estuarine lower Passaic River (N.J.) sediment samples were collected near a former Agent Orange production plant (12) . The prereduced anaerobic (methanogenic) nutrient medium (pH 7.2) and primary substrate cocktail (acetate, 75 mg/liter; butyrate, 15 mg/liter; benzoate, 10 mg/liter) used in all incubation studies have been described previously (3). All stock solutions were autoclaved separately at 120ЊC for 20 min, excluding vitamin stock and resazurin indicator solutions which were sterilized by filtration (0.2-m pore size; Millipore). Sediments were transferred anaerobically (N 2 -CO 2 -H 2 , 85:10:5) into a stirred 2-liter sterile Fernbach flask, mixed with 2 volumes of sterile medium, spiked with substrate cocktail (100 mg/liter, total), and incubated in the dark at room temperature. After a 2-month preincubation period, the slurry was allowed to settle for 1 h and the supernatant containing the eluted microorganisms was gently transferred into a 2-liter sterile vessel and supplied again with the substrate mixture. The supernatant containing the eluted consortia was analyzed for the presence of PCDD congeners, and three subsamples (5 ml each) were transferred into sterile 20-ml vials sealed with gas-tight Teflon-coated butyl rubber stoppers. The head space in the vials was analyzed for the presence of methane on a weekly basis. When the concentration of methane in subsamples (measured under isothermal conditions at 40ЊC with a model 5890A Hewlett-Packard gas chronometer equipped with flame ionization detection and a model DB-624 column of 60 m by 0.53 mm [3.00-m film thickness]) reached 200 nM per flask, the medium containing the microbial consortia enriched from anaerobic sediments was used as the inoculum for all experiments. The experiment with freshly spiked PCDDs was conducted in an aqueous-organic biphasic system (5, 6, 26) . Decane (4%, vol/vol) was chosen from three of the compounds tested (decane, toluene, and xylene) as the organic phase carrying PCDDs on the basis of its minimal effect on methanogenic activity (8) . No decane was present in historically contaminated treatments.
Pasteurization. The inoculum (5 ml each, 28 Ϯ 4 g of protein per ml) was anaerobically transferred into sterile N 2 -CO 2 (80:20, vol/vol)-flushed 20-ml serum bottles and sealed with gas-tight Teflon-coated butyl rubber stoppers. The concentration of protein was measured in three independent replicates by a modified Lowry assay for whole cells (15) . Bottles were treated in a water bath at 75ЊC for 30 min on four consecutive days, with incubation at 30ЊC between treatments. Such treatment is generally regarded as sufficient for elimination of nonsporeformers, including most of those that are thermophilic (20) , and does not change the chemical and physical characteristics of environmental samples (22) . It was previously demonstrated that heating at 80ЊC for 15 min eliminated methanogenic activity in sediment-derived consortia (43) .
Experimental setup. Five different treatments were established in triplicate for four time points: (i) sediment-derived microbial cells with historically present PCDD congeners, (ii) the same microbial cells pasteurized as described above with historically present CDD congeners, (iii) sediment-derived microbial cells spiked with a mixture of PCDDs (AccuStandard, Inc.) dissolved in decane, (iv) pasteurized microbial cells spiked with the mixture of PCDDs, and (v) anaerobic media spiked with the PCDD mixture as a chemical control. The mean final spiked concentrations of PCDD congeners (in nanomoles per liter Ϯ standard errors) were 11,413 Ϯ 543, octaCDD; 42.8 Ϯ 2.0, heptaCDDs (1,2,3,4,6,7,8-and 1,2,3,4,6,7,9-heptaCDDs); and 1.8 Ϯ 0.8, hexaCDDs (1,2,4,6,7,9-and 1,2,3,4,6,8-hexaCDDs) (medium-decane, 96:4, vol/vol). The values represent measurements from three independently spiked replicates. All manipulations were performed in an anaerobic chamber under an N 2 -CO 2 -H 2 atmosphere. The serum bottles were sealed with Teflon-coated butyl rubber stoppers and incubated at 30ЊC under methanogenic conditions in the dark with agitation (270 rpm). Every two months the cell suspensions were supplied with 100 mg of the substrate cocktail per liter. After 0, 1, 3, and 7 months, triplicates of each treatment were sacrificed for PCDD analysis.
Sample analysis. After the concentrations of methane and protein were measured, freshly contaminated cell suspensions and chemical controls were spiked with 1,2,3,4-tetraCDD (10 l of a 50-mg/liter stock solution in toluene to a final concentration of 0.1 g/ml) as an internal standard to correct for PCDD recovery efficiencies. Manual triplicate extractions with equal volumes of toluene were performed at each time point. Historically contaminated suspensions were extracted similarly but without internal standard to avoid chromatographic interference of 1,2,3,4-tetraCDD with trace concentrations of historical tetraCDD (35) . The pooled extracts of each treatment were concentrated to 100 l and analyzed with a model 5890-II Hewlett-Packard gas chromatograph-mass spectrometer equipped with a model 5972A mass selective detector. For analysis of octa-through tetraCDD congeners, the following gas chromatograph-mass spectrometer operating conditions were used: column, Ultra-2 of 50 m by 0. 
, (Mϩ4) ions at a dwelling time of 100 ms per ion. Recovery efficiencies for PCDD congeners were 90 to 95% on the basis of the internal standard used. Quantitation was based on a six-level calibration curve established for a custom-made mixture of dioxin congeners, representing the five PCDD homolog groups monitored (tetra-through octaCDDs; AccuStandard, Inc.). The threshold level of reliable quantitation was 0.2 nmol/liter. Identification was based on the comparison of the retention times of isomers and relative ion abundances of key ion clusters in the mass spectra with calibrated and published values (19) .
Mono-through tetraCDD congeners were analyzed under the same operating conditions of the gas chromatograph-mass spectrometer, except for the temperature program (injector temperature, 280ЊC; detector temperature, 300ЊC; initial temperature, 90ЊC, hold, 5 min; rate 1, 5ЊC min 
ϩ , and M ϩ -COCl ions at a dwelling time of 100 ms per ion. Identification of tetraCDD congeners was based on the absolute and relative (to 1,2,3,4-tetraCDD) retention times and relative ion abundances of key ion clusters in the mass spectra for tetraCDD congeners from specific windowdefining mixtures (Cambridge Isotope Laboratories). Identification of monothrough triCDD congeners was based on the comparison of the retention times of isomers (AccuStandard, Inc.) and relative abundances of key ion clusters in the mass spectrum with calibrated and published values (National Bureau of Standards, Spectra Library). Quantitation was based on detector response values for each homolog group, as extrapolated from a correlation between detector responses for tetra-to octaCDD.
RESULTS
PCDD dechlorinating activity.
Dechlorination of historically present and freshly spiked PCDDs was evaluated during a 7-month experiment using enriched microbial consortia derived from historically contaminated Passaic River sediments. Analysis of the cell suspension eluted from Passaic River sediments for historically present PCDD congeners revealed the presence of one tetraCDD isomer, identified as 2,3,7,8-tetraCDD on the basis of its absolute retention time (coelution with a standard) and its retention time relative to the retention time of 1,2,3,4-tetraCDD (35) . The total concentration of 2,3,7,8-tetraCDD was 62.3 Ϯ 12.5 nmol/liter or 0.6 Ϯ 0.1 g of total cell protein per mg. The more highly chlorinated DDs were present in trace concentrations and could not be quantified. No less-chlorinated congeners were observed.
The microbial reductive dechlorination of 2,3,7,8-tetraCDD commenced soon after the beginning of the experiment: after 1 month of incubation, two triCDD congeners, (one of which did not exceed 0.7 nmol/liter), a 2-monoCDD congener, and traces of a 1-monoCDD congener were observed (Fig. 1) . The diCDD congeners were found in trace concentrations only. Between 1 and 3 months of incubation, the triCDD congeners decreased to nonquantifiable levels, and after 3 months of incubation, only 2-monoCDD remained. None of these congeners were produced in pasteurized cell suspensions during that time. After 7 months of incubation, both triCDD isomers (one of which was in trace concentration) and 2-monoCDD were observed again in the native cell suspensions (Fig. 1) . The concentration of aged tetraCDD decreased by 30% to 43.6 Ϯ 6.2 nmol/liter or to 0.24 Ϯ 0.04 g/mg of total cell protein, resulting in the total production of 9.8 Ϯ 2.8 nmol of triCDD per liter and 9.7 Ϯ 1.4 nmol of 2-monoCDD per liter. The dechlorination reaction was stoichiometric, as 19 nmol of tetraCDD per liter disappeared, resulting in the production of 19.5 nmol of triCDD and 2-monoCDD per liter. One of the triCDD congeners was found in pasteurized cell incubations as well, but in trace concentration (below 0.2 nmol) only. No VOL. 62, 1996 MICROBIAL DECHLORINATION OF PCDDs 4557 decrease of 2,3,7,8-tetraCDD was observed, and no di-and monoCDD congeners were produced by pasteurized cells. The patterns of bacterial dechlorination of a freshly spiked mixture of highly chlorinated (octa-through hexaCDD) dioxins were more complicated. The concentration of both 1,2,3,4,6,7,8-and 1,2,3,4,6,7,9-heptaCDD congeners doubled in the native and pasteurized microcosms during the first 3 months of incubation to 82 to 94 nmol/liter (Fig. 2 ). This increase was followed by a decrease in the heptaCDD concentration to 19 to 24 nmol/liter between 3 and 7 months of incubation. The net decrease of heptaCDD was correlated to the appearance of stoichiometric (native cell suspensions) or nonstoichiometric (pasteurized cells) amounts of hexa-, tetra-, tri-, and (in the case of native suspensions) monoCDDs. No increase nor decrease of heptaCDD congener concentrations was observed in chemical controls.
The hexaCDD congeners appeared after 1 month of incubation. Five hexaCDD isomers were produced by native cell suspensions and identified as two coeluting 2,3,7,8-substituted (1,2,3,6,7,8-and 1,2,3,4,7,8-) hexaCDD isomers and three non-2,3,7,8-substituted (1,2,3,4,6,7-; 1,2,4,6,7,9-; and 1,2,3,4,6,8-) hexaCDD isomers (Fig. 3) . Two of the non-2,3,7,8-substituted hexaCDD isomers (1,2,4,6,7,9-and 1,2,3,4,6,8-hexaCDD) were produced by pasteurized cells. The total concentration of hexaCDD congeners produced was relatively low (3.6 nmol/ liter, twice the initial spiked concentration). Whereas both of the isomers produced and identified in pasteurized cell incubations were identical to the spiked hexaCDD congeners, all three hexaCDD isomers which distinguished the native from the pasteurized incubations were produced de novo (Fig. 3) . After 7 months, none of the hexaCDD congeners was found in quantifiable concentration. No changes in the hexaCDD congeners' profiles and concentrations were observed in chemical controls.
The reductive dechlorination of hepta-and hexaCDD congeners resulted in the production of tetraCDD congeners and subsequent dechlorination to triCDD (in both native and pasteurized cell suspensions) and monoCDD (native suspensions only) by the end of the experiment (Fig. 2 ). PentaCDDs were found in both treatments in trace concentrations only. Four tetraCDD isomers were produced in the native suspensions, with 2,3,7,8-tetraCDD representing approximately 14% of the total amount (Fig. 2) . These tetraCDD isomers subsequently dechlorinated to five triCDDs whose isomers could not be specifically identified, several diCDD congeners (in trace concentrations only), and both possible monoCDD congeners. Overall, the total production of tetra-to monoCDDs (approximately 87 nmol/liter) exceeded the disappearance of heptaand hexaCDDs (approximately 64 nmol/liter) 1.4-fold (Fig. 2) .
Three tetraCDD congeners, including 2,3,7,8-tetraCDD (trace concentration) were produced by pasteurized cells after 3 months of incubation. After 7 months, they were nearly stoichiometrically converted to two uncharacterized triCDD congeners, which were the end products of reductive dechlorination of PCDD by pasteurized cells. No di-or monoCDD congeners were discovered in these treatments (Fig. 2) . The triCDD congeners produced made up approximately 18% of the total concentration of hepta-to tetraCDD congeners, which disappeared during the experiment. The final concentrations of tetra-to monoCDD congeners in the native and pasteurized cell suspensions were approximately 87 and 13 nmol/liter, respectively. No mono-through tetraCDD congeners appeared in chemical controls.
Throughout the experiment, the losses of octaCDD were 8% 
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for pasteurized cell suspensions and 26% for native cell suspensions (data not shown). Since the net loss of octaCDD caused by the presence of native cell suspension was approximately 1,630 nmol/liter, no more than 10% of that loss could be accounted for by the appearance of less-chlorinated isomers. No loss of octaCDD was observed in chemical controls.
Microbial respiratory activity and growth. The rate of methane production in historically contaminated native cell suspensions decreased after 3 months of incubation, and methane production ceased after 5 months (Fig. 4A) . The freshly spiked cell suspensions produced methane during the first month of incubation only, after which methanogenesis stopped completely. No methane was produced by both historically contaminated and freshly spiked pasteurized cells.
The time-dependent protein profiles show a trend opposite to that of methanogenesis. In historically contaminated cells, the decreasing protein concentration during the first month was followed by an increase, with maximum yield at the end of the incubation, i.e., when methanogenesis ceased (Fig. 4B) . In freshly spiked cell suspensions, the decrease of protein content continued until the third month of incubation and was followed by a steep increase up to 80 g/ml. This concentration was the highest yield reached in any treatment. This increase in protein content was not correlated to methanogenesis. Pasteurization initially decreased protein concentrations, which reached the initial value at the end of experiment (Fig. 4B) .
DISCUSSION
Both aged and freshly spiked PCDD congeners were reductively dechlorinated by a microbial consortium eluted from Passaic River sediments. One congener, identified as 2,3,7,8-tetraCDD, was found in the eluted cell suspension consisting of sediment pore water and microorganisms. The partitioning of 2,3,7,8-tetraCDD to the aqueous phase is unlikely because of its low water solubility (0.6 nmol/liter at 25ЊC) (28) . More likely, partitioning of 2,3,7,8-tetraCDD into the aquatic cell suspension resulted in bioconcentration by microbial cells, presumably in membrane lipids. Sediment concentrations of 2,3,7,8-tetraCDD in tidal estuaries of the Passaic River are on the order of 0.11 to 6.9 g/kg, or 0.3 to 21.5 nmol/kg (12) . Analyses of sediment, laboratory-exposed fish, and tissues of resident and migratory biota show that 2,3,7,8-substituted congeners are selectively enriched, with concentrations reported from 38 to 500 pg/g of lipid, depending on the species analyzed (10) .
Whereas macrobiota accumulate PCDD via sediment ingestion, direct partitioning of PCDDs from sediment organics to cell lipids is presumably responsible for accumulation in microbial cells. The partitioning of 2,3,7,8-tetraCDD into the lipid tripalmitin was observed, and the structure of the lipid-2,3,7,8-tetraCDD complex was hypothesized (27) . Recently, Dulfeer and Govers (18) demonstrated the affinity of (planar) PCBs to microbial cell lipids. Alternatively, accumulation of hydrophobic contaminants in bacterial cells may proceed via solubilization by extracellular polymers. For example, the herbicide diclofop, a chlorinated biaryl compound, and its aromatic breakdown products were shown to bioaccumulate in cell capsules of a biofilm microbial community (42) .
During reductive dechlorination of aged 2,3,7,8-tetraCDD isomer, the activity of the natural microbial consortium shifted from predominantly methanogenic to predominantly nonmethanogenic, as differentiated by the yield of methane and protein in the natural microbial consortia. The first phase of tetraCDD dechlorination (Fig. 1 ) took place during active methanogenesis (Fig. 4A ) and concomitant decreasing protein concentrations (Fig. 4B) . Two triCDD isomers (one of which did not exceed 0.7 nmol/liter) and both monoCDD isomers (1-monoCDD was in trace concentration) were observed. 1-MonoCDD cannot be a product of 2,3,7,8-tetraCDD dechlorination, unless molecular rearrangement occurred. This isomer and the minor triCDD isomer are hypothesized to result from dechlorination of highly chlorinated congeners which were found in the eluted microbial cell suspension in trace concentrations.
Despite decreasing methane production, dechlorination of tetraCDD continued until the end of the experiment (Fig. 1) . During this second phase, the native consortium exhibited directly opposite trends with respect to methane and protein production. The increase in protein concentration indicated that the cessation of methanogenesis was not due to substrate limitation (Fig. 4) . The reason for the shift of microbial consortium from methanogenic to predominantly nonmethanogenic during tetraCDD dechlorination remains unknown. Whereas chlorinated aromatic compounds have been demonstrated to be used as terminal electron acceptors (17, 23) , the dioxin concentrations used in this study were too low to effect significant changes in electron fluxes. 2-MonoCDD was the end product of tetraCDD dechlorination during this phase. In contrast to the native cell suspensions, pasteurized cells produced no methane, resulted in low cell yields, and produced trace amounts of a triCDD congener as the end product of dechlorination. The data obtained suggest that (i) the reduc- tive dechlorination of triCDD congeners was mediated by subpopulations of nonthermoresistant, non-spore-forming microorganisms and (ii) this subpopulation was not necessarily methanogenic.
The comparison of patterns of freshly spiked PCDD dechlorination by the native and pasteurized cells revealed distinctive differences based on both highly (hepta-and hexa-) and less (tri)-chlorinated dioxins. Whereas the non-2,3,7,8-substituted hexaCDD congeners (except for 1,2,3,4,6,7-hexaCDD) found as intermediates of heptaCDD dechlorination were shared by both treatments, the 2,3,7,8-substituted hexaCDD congeners were discovered in the native cell suspensions only (Fig. 3) . 2,3,7,8-TetraCDD was also found in quantifiable concentration as an intermediate in the native but not pasteurized cell suspensions (Fig. 2) . This observation is evidence for a dichotomous dechlorination pathway for highly chlorinated PCDD congeners in this microbial consortium: (i) a mixed peri-lateral dechlorination pathway for non-2,3,7,8-substituted congeners and (ii) a peri-dechlorination pathway for 2,3,7,8-substituted hepta-through pentaCDD isomers (Fig. 5) . The first proposed pathway is hypothesized to represent combined microbial (due to subpopulation of thermoresistant anaerobic sporeformers) and chemical (due to the coelution of unknown redox-active compounds) activities. The reductive dechlorination of PCDD congeners caused by metals, polyphenolic compounds, or vitamins was reported earlier (1) .
The second pathway represents the result of microbial activity, because its intermediates were not present in pasteurized cell incubations. Pasteurization as applied is generally regarded as sufficient for elimination of nonsporeformers, including most thermophilic ones (20) . Thus, a subpopulation of anaerobic non-spore-forming sediment microorganisms is postulated to be responsible for peri dechlorination of 2,3,7,8-substituted PCDD congeners. A similar observation was made by Ye et al. (43) during an investigation of PCB dechlorination, who found that microorganisms which survived heat and ethanol treatments preferentially removed meta chlorines, while non-thermo-and non-ethanol-resistant subpopulations mainly contributed to the para-dechlorination activity.
In our experiment, the total amount of the hexaCDD produced was relatively low regardless of the treatment and the pentaCDDs were found in trace concentrations only. It is of interest that the analysis of environmental samples for the presence of total (14) and 2,3,7,8-substituted PCDDs (40, 41) indicated low hexa-and pentaCDD concentrations except in samples directly affected by incineration outfall (37) . Whether this phenomenon is caused by high susceptibility of these congeners to microbial reductive dechlorination or their inherent chemical reactivities remains unclear.
Up to 10% of the total loss of octaCDD can be accounted for by the appearance of less-chlorinated isomers. As no loss of octaCDD was observed in chemical controls, sorption losses to glassware can be excluded. Even though octaCDD loss can be partially explained by (i) different adsorption capacities of the native and pasteurized microbial cells (38) or (ii) reactions other than reductive dechlorination of octaCDD and its dechlorination products, this experimental phenomenon is not really understood. The excess of tetraCDD-to-monoCDD production (approximately 23 nmol/liter) relative to hepta-and hexaCDD disappearance (Fig. 2) indicates that the real amounts of hepta-and hexaCDDs exceeded those observed during the experimental sampling points. To date, the only stoichiometric conversion of octaCDD to less-chlorinated 
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products was observed in the presence of zerovalent zinc in organic or aqueous solution (1) . During reductive dechlorination of freshly spiked dioxins by the native consortium, directly opposite trends of methanogenic activity and protein production were observed (Fig. 4) . As less-chlorinated (tetra-, tri-, and monoCDD) dioxins appeared after the third month of incubation (Fig. 2) , their production coincided with an increase in protein content and the cessation of methanogenic activity. The pattern of decreasing methane production with increasing dechlorination has been observed during biologically mediated reductive dechlorination of other chlorinated compounds, such as 2,3,6-trichlorobiphenyl (13), tetrachloroethene (16) , and 3-chlorobenzoate (17) . We observed no production of methane (Fig. 4A) , low amounts of protein (Fig. 4B) , and the triCDD congeners as dead-end products of the chlorinated dioxins' reductive dechlorination (Fig. 2) in the pasteurized microcosms. These data lend support to the hypothesis that subpopulation(s) of anaerobic, nonmethanogenic, non-spore-forming microorganisms may be responsible for both peri dechlorination of 2,3,7,8-substituted hepta-to pentaCDD isomers and further dechlorination of the triCDD congener group in lower Passaic River sediments.
On the basis of evidence for the accumulation of 2,3,7,8-substituted hepta-and tetraCDD congeners in sediments (14, 40, 41) , the microbially mediated peri dechlorination of 2,3,7,8-substituted PCDD isomers seems to be an important pathway of natural attenuation of chlorinated dioxins. This evidence for a microbially mediated pathway suggests the need to include the contribution of microorganisms in the source-sink analysis of patterns of distribution of PCDD congeners observed in contaminated sediments.
